The constancy of balsam fir (Abies balsamea (L.) Mill.) self-thinning relationship has been investigated among four study areas located in different ecological regions of Quebec's humid boreal forest. These four study areas contained respectively 348, 252, 146, and 55 observations (plots × measures) sampled over a period of up to 40 years. A self-thinning fitting method was developed to position objectively the self-thinning lines but, moreover, to allow comparisons among the different study areas. This method relies on principal component analysis to estimate the selfthinning line parameters and on the "jackknife" procedure to provide a standard error of these estimates. Results demonstrate a concordance for the slope (p = 0.136) and the intercept (p = 0.148) among self-thinning relationships of those study areas. The combination of these four study areas in one large data set, to provide a general estimation of balsam fir self-thinning line, has given a slope of -1.441 with a 4.114 intercept which is in agreement with the -3/2 power law of self-thinning. In this study, this law was able to describe the size-density relationship of stands of various ages and growing within different conditions as expressed by the different ecological regions.
Introduction
The self-thinning rule describes the mortality induced by competition among stems in dense even-aged populations (Westoby 1984) . The rule was first proposed by Tadaki and Shidei (1959) but was raised to the status of a major generalization by Yoda et al. (1963) . On a double log scaled graph representing mean plant biomass as a function of the surviving individual number, the relation approaches an asymptotical line. Each point on this line represents the maximal average biomass that the population can reach at a given density. In forestry, for practical reasons, biomass has usually been substituted by stem volume (Yoda et al. 1963; Flewelling 1977, 1979; Smith and Hann 1986; Smith 1989; Newton and Smith 1990) .
The equation of the rule is expressed in the form of
where V is the average volume per stem, N is the number of surviving individuals, and K is a species-specific constant. It has been proposed that this asymptotical line possesses a slope of -3/2, a slope that represents a constant for most studied species (Yoda et al. 1963) . This is the basis of what has been called the "-3/2 power law of self-thinning. " The law has been studied many times in both forestry and agriculture since the original studies and the constancy of its -3/2 exponent has been observed to apply for many species ranging from mosses to large trees, including herbaceous plants (White and Harper 1970; Bazzaz and Harper 1976; White 1980 , in Lonsdale 1990 Westoby 1977 Westoby , 1984 Weller 1985) . In addition to its constant slope exponent, the law has been claimed to have other notable properties.
(1) The intercept (K) of its self-thinning line seems to remain constant for a given species. (2) Growth conditions, as long as they are sufficiently good to allow crown closure and therefore self-thinning, do not affect its size-density relationship. (3) Stand age does not modify its size-density relationship.
The relation holds for a certain plant dimension independently of its age. In the past, the law has been considered as one of the most general concepts in population biology. More recently, it has been divided into two concepts: the dynamic thinning line, which represents the trajectory of an individual crowded stand, and the species boundary line, which represents the upper boundary of possible yield-density combinations of crowded stands (Weller 1990) . This study will emphasize the species boundary concept of the self-thinning law.
The interest in the law is particularly evident in its applications. Stand density management diagrams (SDMD), developed for many commercial species as a tool for regulating and scheduling density, are a practical application of the self-thinning rule and its properties. Such guides have been developed for many North American tree species such as red alder (Alnus rubra Bong.) (Hibbs 1987) , lodgepole pine (Pinus contorta Dougl. ex. Loud.) (Flewelling and Drew 1984) , Monterey pine (Pinus radiata D. Don) (Drew and Flewelling 1977) , Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) (Drew and Flewelling 1979) , and western redcedar (Thuja plicata Donn. ex D. Don) on the west coast (Smith 1989 ) and black spruce (Picea mariana (Mill.) BSP) (Newton and Weetman 1993) in eastern Canada. Such guides are operationally used in western Canada for most commercial species (B.C. Ministry of Forests 1997). On the basis of the properties of the self-thinning law, these guides are considered species specific, i.e., they should hold for all possible growth conditions encountered for the species. Recently, SDMD have been developed for mixed stands (Sturtevant et al. 1998; Wilson et al. 1999) , since under certain conditions, the same self-thinning line can be applied to a diverse mix of two species (Westoby 1984) .
Within-species constancy of the self-thinning relation among different growth conditions is of utmost importance in the creation of such guides. The claimed constancy of the selfthinning relation among different growth conditions has however been questioned. Zeide (1985) analyzed yield table data to determine self-thinning slopes of four southern pine species in different growing conditions and concluded that slopes varied consistently with site index. There has, however, been little further work done on the subject, especially with actual field data.
Balsam fir (Abies balsamea (L.) Mill.) is a dominant conifer of eastern Canada's boreal forests characterized by high precipitation. Data bases from previous studies undertaken on this species allowed us to investigate the constancy of its self-thinning relation among forests growing in different soil and climate conditions as expressed by different ecological regions. Therefore, the main purposes of this study were (i) to examine within-species constancy of balsam fir's selfthinning relation among study areas located in different ecological regions, (ii) to estimate the general self-thinning line parameters for the species, and (iii) to verify its general fit with the -3/2 self-thinning rule. To allow sound statistical comparisons among the study areas, a refined fitting method was developed to position objectively the self-thinning lines.
Materials and methods

Species of interest
Balsam fir is a dominant species in humid boreal forests of eastern Canada. It has a large distribution area, colonizing most of the Canadian boreal forest and sub-alpine zone of the northeastern United States (Burns and Honkala 1990) in regions with relatively long fire rotations. The species grows in many different soil and climate conditions, which is an asset in evaluating the constancy of the self-thinning relation.
Balsam fir is also a very prolific species, which may form thickets of ≥30 000 stems/ha 25 years after release (Hatcher 1960) . The species has the ability to regenerate under cover and to remain suppressed for many years, resuming growth after release at rates equivalent to nonsuppressed trees of the same dimension (Morris 1948; Hatcher 1960 Hatcher , 1964 Zarnovican 1983; Gagnon 1985) . These dense fir stands suffer density-induced mortality early in their development, therefore, making balsam fir a species of interest for self-thinning studies.
The species is very susceptible to defoliation by eastern spruce budworm (Choristoneura fumiferana (Clem.)) (Blais 1984) . Consequently, undisturbed stand data are scarce, which limits selfthinning studies on the species. However, there are study areas in Quebec that have been effectively protected through insecticide applications. These study areas permitted us to investigate constancy of the balsam fir self-thinning relationship among stands located in different ecological regions.
Study areas
Four research areas located in eastern Quebec's boreal zone were used in this study. This zone is characterized by a perhumid low boreal climate that has cold temperatures and abundant precipitation (Environnement Canada 1993) . There are nevertheless important climatic variations within this zone that induce many ecological regions grouped into two ecological sub-domains: the eastern balsam fir -white birch (Betula papyrifera Marsh.) and the western balsam fir -white birch sub-domains. All four study areas are located in the eastern balsam fir -white birch sub-domain (Fig. 1 ). An ecological sub-domain is an ecoclimatic unit characterized by the same vegetation type on mesic sites. An ecological region is an ecoclimatic unit where, under equivalent soil conditions, the same vegetation chronosequences should be found Grondin et al. 1996) . Meteorological data from representative climate stations are provided in Table 1 . It should be noted, however, that these stations are located at lower elevation and are likely to be warmer and drier than their respective study areas.
The Matane River study area
This study area is located in eastern Quebec (48°43′N, 66°45′W) in the Gaspé peninsula and is part of the "Massif gaspésien" (5h), a warmer ecological region of the balsam fir -white birch ecological domain (Grondin et al. 1998) . Meteorological data from Causapscal station indicate an average annual temperature of 2.4°C with 1358 degree-days above 5°C and 1027 mm of total annual precipitation ( Table 1 ). The study area is characterized by loamy residual depos-its which contribute to a higher level of fertility (Bertrand et al. 1992) .
The stands originate from clearcuts that occurred in 1934, 1944, and 1953 . Wintertime horse skidding has preserved the advance regeneration (MacArthur 1959 
The Montmorency River study area
This study area is located in the "Massif du lac Jacques-Cartier" (5e) ecological region (Grondin et al. 1998 ) approximately 80 km north of Québec (47°20′N, 71°10′W). It is also located within the balsam fir -white birch ecological domain. Mean annual temperature for this region is about 0.3°C with 1016 degree-days above 5°C and total annual precipitation averaging 1527 mm, making it the wettest of the four study areas. Soils are mainly deep sandy Laurentian tills characterized by frequent seepage areas (Bélanger et al. 1995) .
The stands originate from clearcuts that occurred between 1941 and 1944. As at Matane River, wintertime horse skidding has afforded protection of the advance regeneration resulting in very dense stands (Hatcher 1960) . In 1948, two hundred and eighty six permanent sample plots of 0.04 ha each were laid out over an area of 14 km 2 . Thereafter, measurements took place in 1958 and 1968 for all the plots, with the last measurement done in 1989 for 47 plots.
The Huit-Chutes River study area
This study area is located in the Lac-Saint-Jean region (48°53′N, 70°55′W) approximately 70 km north of the city of Chicoutimi. It is located within the black spruce -moss -balsam fir -white birch ecological domain in the "Massif du Mont Valin" (5f) ecological region (Grondin et al. 1998) . Data from the closest meteorological station, Saint-Ambroise, indicate an average annual temperature of 1.6°C with 1412 degree-days above 5°C and 1035 mm of total annual precipitation (Table 1 ). The Saint-Ambroise station is, however, situated in a warmer ecoclimatic domain than the Huit-Chutes study area.
The soils are of glacial origin, mainly terminal and lateral moraines that have undergone podzolization (Boyton and Veer 1952) . The stands originate from diameter-limit cuts that occurred between 1929 and 1939 resulting in an uneven age structure. At establishment of the study in 1952, three age-classes of stands were recognized: one of residual trees at least 80 years old; one of trees about 30 years old, which were present as advance regeneration before harvesting; and one consisting of new regeneration less than 20 years old (Boyton and Veer 1952) . In 1952, three hundred plots were established and measured. The second measurement was com- 
The Faribault study area
This study area (48°49′N, 66°30′W) is located approximately 25 km northeast of the Matane River study area in a colder part of the same ecological region (Grondin et al. 1998) . Data from the closest meteorological station at Murdochville indicate a mean annual temperature of 1.6°C and 1060 mm of total annual precipitation (Table 1) .
The stands originate from clearcuts done in 1956. One block containing 20 permanent sample plots of 0.04 ha was studied. These formed the unthinned plots of a thinning and fertilization trial in which different levels of nitrogen, phosphorus, and potassium have been applied. Since establishment in 1978, the 20 plots have been measured three more times, in 1983, 1988, and 1993 .
Spruce budworm outbreaks
Two major spruce budworm outbreaks occurred in Quebec during the period the plots were studied. The first one began around 1940, and the second one started around 1970 (Blais 1984) .
For the Matane River research area, the first outbreak did not affect the stands because of their young age and an effective spraying program relying on DDT. The second, which took place between 1975 and 1992 (Tremblay 1995) , had a minimal impact on the studied stands also because of an effective spraying program. Stem analysis (Tremblay 1995) and diameter growth analyses on some dominant and codominant balsam firs (Bertrand et al. 1992) confirm the moderate level of the second outbreak. Montmorency River growth studies show that stands suffered some reduction in growth because of the second outbreak, but the overall effect of spruce budworm has been considered minor (Simard 1995 ).
An outbreak was observed in the Huit-Chutes area toward the end of the 1940s (Hardy et al. 1987) ; however, few larvae were seen at establishment in 1952, and no new growth was destroyed (Boynton and Veer 1952) . No significant damage was reported at the second measurement (Hatcher 1964) . The area was nevertheless affected by the second outbreak that started in 1974 in the area. The Faribault stands were barely affected by the last outbreak because of an effective insecticide spraying program and to their young age at the time (≈20 years).
Data base
The data collected in the permanent sample plots consisted of the diameters by species of all stems having a diameter at breast height (DBH) of at least 1.3 cm (0.5 inch) as well as height measurements of some trees for the construction of local height-diameter relationships. Stand volumes of each area have been computed using a standard double-entry total volume table (Canada Department of Mines and Resources 1948) . Heights used in this volume table were computed from local height-diameter relationships provided for each study area and for each year of measurement.
Appropriate plots for the analysis were filtered from each research area, on the basis of balsam fir and white spruce (Picea glauca (Moench) Voss) basal area proportions and diameter distributions. White spruce is, within the balsam fir boreal forest, a species intimately associated with balsam fir while being allometrically very similar to it (Zarnovican 1982) . Only plots with a basal area composed of more than 75% of fir -white spruce and with at least half of this percentage in balsam fir were used. Variations, within these limits, in the relative proportion of fir and spruce should not unduly affect the position of the self-thinning line (Wilson et al. 1999) .
For balsam fir, it is generally considered that release response is related to stem dimension rather than total age (Morris 1948; Baskerville 1965; Zarnovican and Vézina 1985) . Consequently, diameter distribution more so than age appeared to be the variable to control in this study. The c coefficient of the Weibull distribution (Bailey and Dell 1973) and the index of kurtosis (Wyszomirski 1992) were used in combination to eliminate plots with a diameter distribution that was not unimodal. To be retained, plots had to show a unimodal distribution in at least one remeasurement that is be characterized by a c coefficient between 1.5 and 3.6 and a kurtosis value greater than -1.2.
Plots showing an increase in density between two measures also were eliminated from the analysis following the recommendation of Weller (1987) , since they mainly reflect recruitment in the smaller diameter classes by ingrowth.
Mathematical representation used
Self-thinning computation has been done in the past by relating mean plant volume (or biomass) with density. For the purposes of this study, the mean plant volume simply represents the total volume of the stand divided by its density. This practice has been questioned by Weller (1987) who considered this expression of self-thinning statistically invalid; he argued that the high correlation between mean plant volume and density is both unsurprising and uninterpretable, since density has been used to compute the mean plant volume. Weller suggested the use of total volume of the stand as a mathematical representation to fit the self-thinning line resulting in a predicted slope exponent of -1/2. To assess this suggestion, both mathematical representations were investigated in this study, but only the mean volume estimation representation results are presented here. This mathematical representation is widely used, expresses the original self-thinning formulation and, thus, ensures a common basis for comparisons with previous studies.
Self-thinning line fitting method
Previous works
Methods proposed to fit the self-thinning line have evolved during the last 30 years. Initially, adjustments of the line were mainly done by visual fitting (Yoda et al. 1963; Flewelling 1977, 1979) . Thereafter, other methods based on least-squares calculations were proposed, (White and Harper 1970; Ford 1975; Bazzaz and Harper 1976) . These methods, however, were criticized, because neither mean volume (or mean biomass) nor density could be considered the independent variable (Mohler et al. 1978) . Consequently, some authors have suggested the use of principal component analysis (PCA) to estimate the parameters of the selfthinning line (Mohler et al. 1978; Hutchings and Budd 1981; Weller 1987) . While this method is considered appropriate, it does not provide an adequate calculation of the standard error associated with the parameters. The standard error is of crucial importance here since slopes and intercepts need to be compared to investigate the constancy of the self-thinning relation. Further, the selection of which observations to include in the computation was rather subjective in previous studies. Consequently, an improved self-thinning fitting method was developed.
Overview of the method
The proposed method uses a robust PCA to evaluate the slope of the thinning line. The PCA is called robust, since it gives a decreasing weight to plots that are far from the data set centre. The intercept calculation procedure consists of moving the line generated by PCA upward in such a way that, for a normal data set, approximately 95% of the observations lay below this line. Standard errors of line parameters are obtained by using a nonparametric method called the "jackknife" (Wolter 1986, Ch. 4) . This procedure consists of finding estimates of slope and intercept parameters based on (n -1) observations in the data set. This operation is repeated n times removing a different observation each time.
A problem in estimating self-thinning relationships in this study arose from the relative rarity of old dense stands of balsam fir owing to the cumulative effects of spruce budworm outbreaks and windthrow. Because younger stands are affected by these disturbances to a lesser degree, it is consequently easier to find dense young stands. Since determination of the self-thinning line using only the densest plots could be biased against older stands, we propose that using all observations known to be in a self-thinning process could minimize this potential bias. This also justifies the use of a methodology that gives greater weight to observations near the centre of the data cloud than to those situated at the periphery.
Description of the method
To eliminate subjectivity in the selection of observations to include in the estimation of the self-thinning line, a PCA was carried out on a robust estimate of the variance-covariance matrix of the log mean tree volume (x) and the log density (y) measures. An estimation procedure developed by Maronna (1976) and described in Huber (1981) where x ij is the log of the mean tree volume of the jth time measurement taken on the ith plot within a study area, y ij is the corresponding log of the density measurement, n is the sample size (number of plots times the number of measurements), k is a robustness constant, and C(k) is a constant depending on k (see Huber 1981) . When k is large, C(k) ≈ 1 and $ Σ is equal to the usual variancecovariance matrix used in PCA analysis. When k is finite, measurements (x ij , y ij ) that are far from the centre of the data set, ( $ , $ u u x y ), i.e., that satisfy the following: get smaller weights w ij than those closer to the centre. In the present calculations, where many of the data points were far from the centre, values of k = 1.2929 and C(k) = 0.4761 were used. This resulted in more than 50% of the data points receiving a reduced weight and gave relatively stable estimators unaffected by the extreme data points. The above equations are solved by an iterative procedure. One can take the sample mean and the sample variance-covariance matrix as preliminary estimates of ( $ , $ u u x y ) and $ Σ. The w ij are then calculated with these preliminary estimates. These weights are then put in the formulae for ( $ , $ u u x y ) and $ Σ, yielding updated estimates. This describes one cycle of the algorithm. Cycles are carried out repeatedly until the differences between the estimates and their updated values are negligible. See Huber (1981) for further discussions of algorithms for the calculations of these estimates.
It is convenient to express the slope and the intercept of the line in terms of the eigenvalues $ , $ λ λ 1 2 and the first eigenvector ( $ , $ ) α β t of $ Σ. Let $ Σ 11 and $ Σ 22 be the robust variances of the log density and log mean tree volume, respectively, and $ Σ 12 be the robust covariance between these two variables. Using closed-form expressions derived from those appearing in Sokal and Rolf (1981) 
Σ Σ where sgn(·) denotes the sign function that is equal to + or -. The slope of the robust self-thinning line is given by $ $ / $ b = β α, while its intercept is [8] a $ u u
This intercept is constructed in such a way that, for normal data, approximately 95% of the data points are located underneath the self-thinning line.
Estimation of the variance
To compare statistically the slopes and intercepts of self-thinning lines calculated among different study areas, calculations of the standard errors of $ a and $ b are required. Weller (1987) used the Jolicoeur and Heusner (1971) formula for the variance of $ b, which is not appropriate here since robust estimates are used. As there is no standard formula for estimating the variance of robust estimates, a nonparametric method based on the jackknife procedure was used (see Wolter 1986) .
To estimate the standard error of $ b, the following procedure was used. 
The calculations were performed using a program written for the SAS software (SAS Institute Inc. 1988), which was suited to handling the intensive computing requirements of the method.
A possible source of variation stemmed from the last spruce budworm outbreak, which may have affected the results from the unsprayed Huit-Chutes area by introducing density-independent mortality. To assess this possibility a sensibility analysis was conducted on the estimation of parameters for Huit-Chutes. In this procedure, both the slope and intercept were estimated by removing the last (1975) (1976) (1977) measurements.
Comparison of self-thinning relations among study areas
To investigate the constancy of the thinning relation among study areas, a weighted chi-square statistic was used on both the slope and intercept parameters. Let $ , $ , ...,
denote the estimated parameters for study areas 1, 2, ÿ, n with respective variances de-
. The test statistic is
where b is the weighted average slope given by Bishop et al. 1975) . The equality of the slopes is rejected at level p if χ 2 is larger than the 100(1 -p)th percentile of the χ 2 distribution with n -1 degrees of freedom.
Comparisons with the -3/2 power law of self-thinning
To compare these results with those predicted by the self-thinning law, statistical tests of hypotheses were used for each study area separately and for the combined data from all study areas. Whereas the predicted slope in each case is a constant equal to -3/2, the self-thinning intercept is not a constant but more likely falls within a range of possible values. White (1980) reported that most observed intercepts fall within a range from 3.5 to 4.4, where the units are defined as the logarithm of biomass in grams per stem for a density of 1 stem/m 2 . Since this study uses total bole volume instead of biomass, we have transformed bole volume into bole biomass using the of a biomass/volume ratio for balsam fir of 860 kg/m 3 (MRNQ 1994).
Results
Comparisons with the -3/2 power law of self-thinning A visual evaluation of the self-thinning lines confirms the adequacy of the developed method for describing relationships in the different study areas (Figs. 2-6 ). The slope estimations for the Matane, Montmorency, and Huit-Chutes River study areas did not differ significantly from -3/2 (p > 0.05) with values of -1.461, -1.534, and -1.627, respectively ( Table 2 ). The slope estimation for Faribault differed significantly (p < 0.05) from the -3/2 constant with a value of -1.676; however, this estimation was based on only 55 observations and was associated with the second largest standard error value of 0.085. The combination of observations from the four study areas (n = 801) gave a slope of -1.441 (p > 0.05), which was associated with the smallest standard error (0.034). The intercept values for the four study areas and their combination fell within a fairly large interval, varying between 4.114 and 5.102. Following transformation, all intercepts fell within a range of 4.181-4.332, which was within the upper range of the interval (3.5-4.4) previously reported for the self-thinning intercepts.
The sensibility analysis conducted on Huit-Chutes parameters showed no significant evidence of density independent mortality.
Comparison of self-thinning relations among study areas
The weighted χ 2 test revealed no significant differences among study areas for both the slope (p = 0.136) and the intercept estimations (p = 0.148). Since there was no difference among the research areas, the combination of the four data sets for an overall estimation of balsam fir self-thinning parameters, was justified.
Comparisons using total volume mathematical representation
Self-thinning parameters have also been estimated using total volume mathematical representation for the four study areas and their merging. The results are within a broader interval than the mean volume basis estimation for both the slope and the intercept. The tests of hypothesis revealed a concordance with the -1/2 value for both Matane, Montmorency, and Huit-Chutes River but a discordance for Faribault and the merging of the four data sets. The discordance for Faribault study area is unsurprising, since it consisted of a compact and round data set that would have even been difficult to fit visually. The inclusion of Faribault study area data in the merged data set is enough to make it significantly different (p < 0.05) from the -1/2 value, but the transformed intercepts were again all included within the predicted range. The constancy of the thinning relation among those areas was evidently affected, and it was declared statistically different (p < 0.05) among our four study areas. Further investigation reveals that this thinning relation nevertheless holds among the Matane, Montmorency, and Huit-Chutes rivers study area.
Discussion
According to the results of this study the self-thinning relation remains constant among balsam fir stands of different ages and different ecological regions in eastern Quebec. No previously published studies have investigated this area for balsam fir. In a similar study of southern pines species, Zeide (1985) observed that the self-thinning asymptote varied with site index. In that study, however, yield tables instead of actual field data were used.
While the general prediction of the -3/2 power law held for the Matane, Montmorency, and Huit-Chutes rivers and combined study areas, Faribault had a slope that differed (p < 0.05) from the -3/2 predicted value. This divergence from the predicted exponent could be attributed to the small number of observations available (n = 55) and the narrow density range. The Faribault study area has been followed for a period of only 15 years, resulting in observations graphically confined in the same area, thus generating an almost round and compact data set. The shape of such distributions affects the precision of estimations made by regression techniques such as PCA. Despite the small sample size at Faribault, the transformed intercept of this area was similar to those at three other study areas, all of which were included within the previously observed self-thinning range.
Comparisons of these results with other studies are hampered by the scarcity of comparable work on balsam fir done elsewhere. Two studies are of particular interest. The results of this study are in agreement with one conducted by Sprugel (1984) in the sub-alpine boreal forests of the northeastern United States. In that study using bolewood biomass versus density, a slope of -1.43 was obtained, which was considered not significantly different from the -3/2 self-thinning value. The transformed intercepts in the present study, however, appear to differ from the 3.65 value reported by Sprugel (1984), even though no standard error was provided for his estimation.
In another balsam fir study, Mohler et al. (1978) using trunk biomass versus density, obtained a slope value of -1.30, which was considered different from the expected value of -3/2. The apparent discrepancy between the present study and that of Mohler et al. (1978) could be related to sample size. Their estimation was based on only 23 temporary sample plots of 100 m 2 . As seen for the Faribault study area, the data base size potentially plays a key role in selfthinning exponent estimation. Even though they used PCA to compute slope, they employed a different method to remove non density-dependent mortality observations. For these reasons, the apparent divergence between the two studies should be interpreted with caution.
The results of this study are also interesting in light of the intrinsic properties of balsam fir. Whereas the self-thinning law was originally developed for even-aged populations, stands of balsam fir are rarely even aged. Indeed, although the frequency distribution of stems of this species usually have the typical bell-shaped size structure associated with even-aged forests, they rarely have the same chronological age. They do, however, often possess the same physiological age, since they have usually been released following the same disturbance (Morris 1948; Gagnon 1985) . It is, therefore, interesting to see how the law holds for such a species, confirming the strong relationship that exists between mortality and size rather than age.
Shade tolerance of a species is reflected on the intercept value of the self-thinning line (Westoby 1984) . A stand of a shade-tolerant species will support the growth of more biomass than a stand of a less tolerant species for the same density. Balsam fir has been rated as one of the most shadetolerant conifers of North America (Baker 1949) . The strong shade tolerance of this species is reflected in its transformed intercept value of 4.270, which is located in the upper range of the normally observed self-thinning intercepts.
The results using the total volume mathematical representation are included within a broader interval than the mean volume basis estimation for both the slope and the intercept. This mathematical representation appears to accentuate the detrimental effect of small and narrow density range data sets like Faribault study area. The concordance with the -1/2 value holds for the Matane, Montmorency, and Huit-Chutes rivers, but a discordance appears for Faribault and the merging of the four data sets. The constancy of the thinning relation among those areas was declared statistically different (p < 0.05) among our four study areas, but nevertheless, it holds among Matane River, Montmorency River, and HuitChutes River study area.
The self-thinning rule and its properties have been challenged many times in the last decade. Within this study, the rule has nevertheless been able to explain the size-density relation among stands of different stage of developments and within different growth conditions as expressed by ecological regions. Despite all the questioning over its accuracy in population biology, the self-thinning law and its properties remains a useful tool, in its stand density management diagram form, to efficiently manage forest stand density. Note: Slopes of self-thinning lines did not differ from -3/2 for the combined data and all study areas (p > 0.05), except Faribault (0.01 < p < 0.05). *Log 10 of the mean tree volume in cubic metres for a density of 1 stem/ha. † Log 10 of the mean tree mass in grams for a density of 1 stem/m 2 . Table 2 . Self-thinning exponents for each study area and the combined data from all study areas. thors thank the ministère des Ressources naturelles du Qué-bec for their funding of the project and Abitibi Price Ltd. for academic bursaries. Special thanks to Canadian Forest Service for releasing the data used for this project and field personnel of forest measurement laboratory. The authors would like to express their appreciation to the two anonymous reviewers for their comments and suggestions.
